The steady deformation and breakup of emulsion drops in a uniform electric field are considered experimentally. Due to the low volume fraction of inner drops, the emulsions can be effectively assumed as Newtonian fluids with spatial nonuniformity. The measurements of the electrical properties show that the oilin-water (o/w) emulsion drop behaves like a conducting drop. On the other hand, the water-in-oil (w/o) emulsion drops can be regarded as inhomogeneous leaky dielectric drops. It is found that the viscosity ratio is not an important parameter within the small deformation limit and breakup mode of the o/w emulsion drops. In the case of w/o emulsion drops, however, the breakup mode depends on the viscosity ratio. Inherent nonuniformity of the emulsion drops makes drop more deformable and unstable. The tipstreaming is the dominant breakup mode of o/w emulsion drops when the nonuniformity of drop phase is appreciable.
INTRODUCTION
The dispersion of one liquid into another immiscible liquid is an important process in a variety of industrial applications. Emulsification is a well-known example of a dispersion process. In polymer mixing processes, the dispersion of drops of color concentrate, antistatic agents into an immiscible polymer solution is often necessary to modify the properties of the polymer. For mass transfer operations, dispersion is also important in liquid-liquid extraction in tanks. In all of these operations, knowledge of the mechanism of drop breakup must be fully understood.
There has been considerable interest in using external electric fields in order to enhance the efficiency of the process due to its unique advantage of easy manipulation of applied field direction and strength. The behavior of charge-free, single phase drops in a uniform electric field has been studied intensively in the framework of leaky dielectric theory proposed by Taylor (1) (2) (3) (4) (5) . Three review articles are recommended to the interested readers in the electric-field-induced drop deformation and breakup (6 -8) .
Recently, our research group investigated the breakup modes of drops in an electric field and found that there are two principal mechanisms of drop breakup: namely, pinch-off (burst of drop with formation of bulbous ends and a waist) and tip-streaming (9 -11) . Generally speaking, the pinch-off is a prevalent breakup mode of Newtonian drops immersed in an insulating Newtonian fluid. On the other hand, when the drop interface is contaminated by a surface-active agent (10) , or when at least one of two phases is non-Newtonian fluid (11) , tip-streaming is observed. Although details of the feature of tip-streaming are slightly different from each other in the aforementioned two cases, small subdrops or thin liquid threads are ejected from the pointed ends of the drop. In this case, the drop is not highly elongated but remains ellipsoidal in shape. In this study, we have taken into account the electricfield-induced breakup of multiple emulsion drops. By doing this, we are able to examine the effect of nonuniformity of the drop phase on the drop deformation and breakup modes experimentally.
Another motivation of the present study is the potential application of multiple emulsions in mass transfer operations. Multiple emulsions can be made by suspending a water-in-oil (w/o) emulsion in another aqueous phase. This system is known as a w/o/w multiple emulsion. The two aqueous phases, the one contained as subdrops in the oil drops and the continuous phase, are separated by the oil phase which acts like a permeable barrier and is called the membrane phase. Similarly, an o/w/o multiple emulsion can be formed by suspending an oil-in-water (o/w) emulsion in an oil phase.
The use of multiple emulsions as separation media was first proposed by Li (12, 13) . Since mass transfer between the two separated phases can occur by diffusion through the liquid membrane phase, multiple emulsions are also known as unsupported liquid membranes. Because of the high interfacial area per unit volume, the short diffusion distances, and the possibility to modify the membrane permeability characteristics, multiple emulsions have shown promise in extraction processes. Furthermore, it is also well known that the electricfield-induced flow around the drop phase can enhance the rate of heat or mass transfer processes (14) . In these applications, understanding of the mechanism of drop breakup is required to design the process equipment or set the operating conditions.
We have prepared o/w and w/o emulsion drops in order to examine their deformation and breakup in an electric field as illustrated schematically in Fig. 1 . The results are compared with those of homogeneous Newtonian drops possessing sim-ilar electric properties. Since the volume fraction of the inner drop phase is relatively low, emulsions used in the experiments have shown Newtonian behaviors in the rheological tests. Accordingly, differences observed experimentally between the homogeneous Newtonian drops and inhomogeneous emulsion drops may be caused by the effect of nonuniformity of the drop phase.
EXPERIMENTAL

Preparation of Emulsions
The o/w emulsion was made by adding an oil phase slowly to an aqueous phase with vigorous stirring. The aqueous phase was a mixture of water and ethyl alcohol dissolving 1 wt% polyvinyl pyrrolidone. The oil phase consisted of the mixture of hexane, chlorobenzene, and 5 wt% of the oil-soluble nonionic surfactant, Span85. After adding an aqueous phase to the oil phase, the emulsion system was continuously agitated by a mechanical homogenizer more than 24 h. In the case of w/o emulsion, the aqueous phase was a mixture of water and ethyl alcohol and the membrane oil phase was castor oil. Then, 5 wt% of water-soluble nonionic surfactant, Brij58, was added to the aqueous phase. The resulting o/w emulsions did not show phase separation at least within 2 days and the w/o emulsion was more stable.
It is well known that emulsions show non-Newtonian behaviors when the volume fraction of the dispersed phase is high. In order to avoid non-Newtonian contribution to the deformation and breakup, we considered relatively dilute emulsions. The volume fraction of dispersed phase was limited to 30% at most. The multiple emulsion systems utilized in the drop breakup studies are listed in Table 1 . Due to its low volume fraction of dispersed phase, the emulsions show shearindependent constant shear viscosities as shown in Fig. 2 . The electrical properties of emulsions were measured by the method reported elsewhere (10, 11) . As the volume fraction of the dispersed phase of o/w emulsions increased, the bulk electrical conductivities and dielectric constants decreased slightly. The electrical properties of w/o emulsion are nearly the same as those of the membrane phase of castor oil. The ratios of electrical resistivities between the emulsion drops and the continuous phase can be also found in Table 1 .
Experimental Procedure
The experimental apparatus and procedure have been also reported in detail in the literature (10, 11) . In order to examine the electric-field-induced deformation and breakup of emulsion drops, a single isolated drop of sample emulsion was placed in the middle of two copper electrodes where the continuous silicone oil occupies the space between electrodes. The drop volume was controlled such that the undeformed radius was 1.3 mm. The distance between two electrodes was 3.5 cm. The effect of the viscosity ratio was considered by using four kinds of silicone oils with viscosities of 7.04, 2.95, 0.98, and 0.75 Pa ⅐ s, respectively, as a continuous phase. Then, the uniform dc electric field was applied. Within the sufficiently low electric field strengths, the drop maintained the spheroidal shape at steady state and the degree of deformation was measured. After that, the electric field strength was slightly increased and the degree of deformation was also measured if the drop maintained a steady-state shape. We repeated the same procedure until the drop breakup was eventually observed and the electric field strength at that point was considered as a critical electric field strength. From this value, the critical Weber number could be calculated. The deformation of emulsion drops was observed through a CCD camera equipped with microscopic lenses and continuously recorded by a videocassette recorder. For each emulsion drop, the critical value of electric field strength above which the steady-state drop shape ceased to exist were determined at first, and then the breakup modes of the emulsion drop were studied at higher electric field strengths.
In the study of the drop deformation and breakup, the measurement of interfacial tension is crucial and cannot be done easily by conventional methods such as the ring or plate methods used for measurement of surface tension. Instead, the estimation of interfacial tension can be accomplished by utilizing the small deformation theory with accuracy (15) . In the present study, as illustrated in the Fig. 1 , surfactant molecules reside in the interface between the membrane phase and the dispersed inner drops. Therefore, the interfacial tensions between the emulsion drops and the continuous silicone oil are expected to be identical to that between the membrane phase and the continuous phase. Thus, it is a simple matter to determine the interfacial tension from the small deformation theory.
Although we used various silicone oils with a wide range of viscosity as the continuous phase, the interfacial tensions were not considerably changed but slightly fluctuated. The value of interfacial tensions were 0.0158 and 0.004 N/m for the aqueous membrane phase (water-ethyl alcohol mixture with dissolved polyvinyl pyrrolidone) and for the oily membrane phase (castor oil) with silicone oils, respectively.
RESULTS AND DISCUSSION
Steady Deformation and the Critical Weber Number of o/w Emulsion Drops
Before embarking on the discussion about the deformation and breakup of the emulsion drops, let us begin by considering those of homogeneous Newtonian drops as a preliminary study. It is noteworthy that o/w emulsions considered here are much more conducting than the continuous phase as can be found in Table 1 . According to the results of our previous study (11) , when the resistivity ratio, R, between the drop phase and the continuous phase is very small (roughly R Ͻ 10 Ϫ5 ), the electrohydrostatic assumption is valid and the drop can be considered as a conducting drop. In this case, stability of the drop phase has been analyzed analytically (16) and numerically (3, 5, 17) by many investigators. Moreover, recently we showed experimentally (11) that the degree of drop deformation agreed well with the theory when expressed as a function of the electrical Weber number. The Weber number defined as We ϭ a⑀E 2 /␥ is a function of undeformed drop radius (a), permittivity of the continuous phase (⑀), electric field strength (E), and interfacial tension (␥). In fact, it is a dimensionless parameter which represents the ratio of deforming electric force to restoring interfacial tension.
In Fig. 3 , the steady deformation of a homogeneous single phase Newtonian drop is shown as a function of the electrical Weber number. In the plot, the degree of deformation
, in which L is a half-length of drop axis parallel to the electric field and B is one perpendicular to the electric field. The solid line stands for the numerically obtained deformation curve for the perfectly conducting drop (5). In addition, both the numerical solution and the experimental data contained in Fig. 3 were obtained until the steady-state drop shape did not exist. Thus, the highest values of the Weber numbers in the plot correspond to the theoretically and experimentally determined critical Weber numbers, respectively. It can be seen that the drop phase can be treated as a conducting drop and the critical Weber number, which is a limiting point of the drop stability, agrees well with the theoretical value. As noted from Table 1 , the o/w emulsion systems considered in the present study are effectively assumed as conducting drops but have spatial nonuniformity due to its inner drops. The degree of drop deformation is linearly proportional to the Weber number in the small deformation region so that the interfacial tension can be estimated as noted previously. This value of interfacial tension will be used for the analysis of the whole experimental runs of the o/w emulsion drops.
In Figs. 4a and 4b , the degree of deformation is plotted as a function of the Weber number for 10 and 30 vol% o/w emulsions, respectively. Obviously, within the small deformation region, the viscosity ratio is not an important factor. This result is also consistent with that of Newtonian conducting drops. When the drop phase is perfectly conducting, the electric field inside the drop becomes zero. The tangential components of electric stresses caused by the presence of the drop phase become continuous at the interface. In this case, the fluids inside and outside the drop remain motionless at the steadystate. The jump of normal components of electric stresses at the interface is balanced by interfacial tension. Since no fluid motion is involved in the deformation process of the conducting drop, the viscosity ratio does not play a significant role. On the other hand, in the case of leaky dielectric drops, the electric-field-induced flow is generated by antisymmetric surface charge distribution. However, the deformation or stability of the drop phase is shown to be a weak function of the viscosity ratio. In the case of the multiple emulsion droplet considered here, the electric field inside the emulsion drop may be nonuniform due to the presence of the inner drops. However, when the nonuniformity of the drop is not appreciable and the membrane phase is highly conducting, the electric field inside the drop may be negligible just like a conducting drop. Therefore, the deformation behavior of the very dilute emulsion is nearly identical to that of the pure membrane phase drop.
Next, we consider the effect of nonuniformity of the drop phase by varying the volume fraction of the inner drop phase. The results are plotted in Figs. 5a and 5b. When the volume fraction of the oil phase is relatively low, the degree of deformation of the emulsion drops is slightly deviated from that of homogeneous Newtonian drops. The emulsion drops are broken up at a lower Weber number than the homogeneous drops. Obviously, as the amount of the inner drops increases, the drop becomes more deformable. Further, the critical Weber number above which the drop breaks up eventually is decreased by the presence of small drops, which is also seen from a comparison of Figs. 4a and 4b.
As a closely related problem, Stroeve and Varanasi (18) studied the breakup of emulsion drops in a simple shear flow. In their study, the authors focused their attention to the role of viscoelasticity of the emulsions on the drop breakup. In summary, the viscoelasticity makes the drop phase stable when the viscosity ratio is smaller than unity. However, when the viscoelasticity of the emulsion was not considerable because of the low volume fraction of the dispersed phase, the viscoelasticity effect on the drop stability was obviously diminished. Instead, the drop became unstable. They explained this observation as a result of the heterogeneity of the drop phase.
In fact, for the conducting drop, the electric-field-induced flow is too weak to cause any rheological responses as discussed previously. Furthermore, the emulsions considered here do not show any evidence of viscoelasticity such as sheardependent viscosity and normal stress difference. Thus, it can be concluded that the destabilization of the drop phase is mainly caused by the nonuniformity of the drop phase.
Breakup Modes of o/w Emulsion Drops
An understanding of the breakup mechanism of the drop in an electric field or in an arbitrary flow field is of practical significance. Depending on the breakup mode, the size and size distribution of the dispersed phase become quite different. In an electric field, the breakup mode of conducting Newtonian drops is a so-called pinch-off. When the electrical Weber number exceeds its critical value, the drop shape becomes time-dependent and the degree of deformation increases gradually until the drop is fragmented to several small drops. A surface deformation causes a local thinning of the drop near the ends. The nodal points continue to become thinner until the bulb-like ends burst into two drops and the remaining part deforms gradually to become a slender cylindrical shape like a liquid thread, which itself becomes unstable when a second wave with a much shorter wavelength forms on its surface. As a result, the satellite drops are produced.
While the pinch-off is a fundamental and prevalent breakup mode of conducting drops in an electric field, the other type of breakup mode known as tip-streaming is also observed for conducting drops under the special conditions. A certain amount of surfactant resident in the drop interface results in tip-streaming. This is because the electric-fielddriven flow transports the surfactant molecules toward the drop ends (10) . Consequently, the local interfacial tension is lowered at the drop ends, which become pointed, and small subdrops are ejected from tips. Tip-streaming can also occur if the fluids have appreciable viscoelastic properties (11).
FIG. 7.
Deformation curves of the w/o emulsion drops in various silicone oils.
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Milliken and Leal (19) showed that the tip-streaming of the viscoelastic drop in an extensional flow resulted from the nonlinear relationship between stress and strain rate. When the water-soluble polymer is dissolved, it may play a role similar to surfactant molecules (20) . Srinivasan and Stroeve (21) studied the breakup of multiple emulsion drops in a simple shear flow and concluded that nonuniformity of the drop phase caused tip-streaming.
As discussed earlier, emulsions used in this study may be considered as Newtonian fluids with spatial inhomogeneity. In addition, since the surfactant is added to only the inner drop phase, its effect on the breakup modes can be ignored. In the present study, the mode of drop breakup is dependent upon the fraction of the inner drop phase. The pure membrane phase drop is broken up via pinch-off, which is typical of Newtonian drops. The breakup mode of very dilute emulsions is identical to that of homogeneous Newtonian drops as shown in Fig. 6a .
In this case, nonuniformity of the drop phase is not enough to change the breakup mode.
A further increase in the volume fraction of the inner drop phase leads to the tip-streaming as demonstrated in Fig. 6b . The drop sustains an ellipsoidal shape. From the pointed ends, small emulsion drops are ejected continuously (photographs 5 and 6). After some amount of the emulsion drops is removed, tip-streaming ceases due to the decreased electrical Weber number by tip-streaming. At this point, the drop still has pointed ends. Of course, further increasing the electric field strength restarts the tip-streaming process as can be found in the last photograph in Fig. 6b. 
Discussion on the Deformation and Breakup of w/o Emulsion Drops
The behaviors of w/o emulsions in an electric field have been also investigated. Since the continuous phase used is a viscous oil, the resulting system is a w/o/o emulsion. Although this configuration of the emulsions may not be found frequently in industrial operations, we can deduce some information about the deformation or breakup of inhomogeneous leaky dielectric drops from it.
The results of the steady deformation of leaky dielectric emulsions are shown in Fig. 7 . The presence of the dispersed drops does not give a strong influence. This is due to the fact that the nonuniformity of the emulsion is not able to produce any appreciable effect. However, similar to the case of o/w emulsions, a slight destabilization of the emulsion drop is observed. That is, the critical Weber number is decreased by the nonuniformity.
The breakup mode of homogeneous leaky dielectric drops is somewhat different from that of conducting drops even if the drops are Newtonian. In this case, the drop are pulled to long cylindrical shapes and then experience instability when a surface wave forms along the drop surface creating many nodal points. However, a detailed feature of the breakup depends on the viscosity ratio. When the drop is less viscous than the continuous phase, the breakup occurs via the pinch-off, which is similar to the case of the conducting drops. The only difference is that the waist deforms into a more extended shape, due to the lowered interfacial tension. However, if the viscosity ratio is larger than unity, the ends of the deformed drop become sharply pointed. In the present study on the emulsion drops, the same conclusion is obtained as depicted in Figs. 8a and 8b . Unlike the
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case of conducting drops leading to tip-streaming, the inhomogeneity of the drop phase did not alter qualitatively the breakup mode of the w/o emulsion drops. In the case of the w/o emulsion drops, the nonuniformity of the drop is not enough to cause the transition of the breakup mode from pinch-off to tip-streaming within the considered range of the inner drop fraction. Moreover, the interfacial tension between silicone and castor oil is too low to preserve the ellipsoidal shape with tip-streaming, which may be also responsible for the pinch-off breakup.
CONCLUSIONS
In this study, we have studied the deformation and breakup of emulsion drops in a uniform electric field. The emulsions prepared in this study exhibited Newtonian behaviors in the rheological responses. Since the conductivities of the assumed o/w emulsions are much higher than those of the continuous phase, the emulsion drop can be supposed as a conducting drop effectively. Thus, the problem is closely related to the deformation and breakup of conducting drops with nonuniformity. When the emulsion is very dilute, the deformation and breakup mode are nearly identical to those of conducting Newtonian drops. As nonuniformity increases, deviations from the behaviors of homogeneous Newtonian drops are pronounced and the breakup mode is also changed. In conclusion, the nonuniformity of the drop phase renders drop more unstable and leads to tip-streaming. For the w/o emulsion drops, a slight destabilization due to the inhomogeneity of the drop is also observed. In this case, however, the breakup mode is identical to that of homogeneous Newtonian drops.
